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The effect of inlet conditions on the flow

in annular diffusers

..by-

I. He Johnston

SUMMARY

Tests have been carried out on annular diffusers having a common area
ratio of 3.19 and vorying in divergence angle from 6.5° to 15°. The
performance of each diffuser has been measured for a variety of inlet velocity
distributions and the effect of axially splitting the flow in the diffusers
has been luvestigated.

Diffuser efficieney is found to deteriorate as inlet conditiouns
become non-uniform, this tendency increasing with diffuser angle.

Splitting of the higher angle diffusers improves cfficiency for non-
uniform profiles, but these increases in efficiency are accompanied by
pronounced static pressure grodients across the diffuser throat which in

certain applications might prove undesirnble.
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1.0 Introduction

- The tests described in this report represent an extension of the
work reported by Ainley in Ref. 1l.. The latter paper gives values of
efficiency of pressure recovery for a group of annular diffusers all hav-
ing the same area rotio but with varying angles of divergence, and describes
the effect of introducing awial splitters along the length of these
diffusers. These tests were all made with a uniform radial distribution of
velooity ot entry to the diffusers, but as this ideal condition seldom
exists in proctice a further investigation hes been mde to determine the
effect of some non-uniformities of inlet velocity profile on diffuser
efficiency.

It should be noted that only radial variations have been considered,
(i.e., the circumferential distributions have been kept uniform) and that
only a few of the infinite number of possible distributions have been
investigated.

2.0 Apparatus

The diffuser rig incorporating an 8.5° diffuser is shown in Pigure 1.
The assembly was corposed of three parts; an inlet seg:tion in which the air
wos accelercted into an ananulug of 10 in. 0.D. and 77 in. I.D., & conical
diffusion section (having in the assembly illustrated in Figure 1 an included
angle of 8.5°), and o parallel outlet section of 12% in., 0.D. and 4% in. I.D.
The 8.5° diffuser section was interchangeable with three other diffusers
all having the same area ratio, narely 3.19:1, but varying in length to give
included angles of 6.5°, 10.5° and 15° respectively. Kean diameter splitters
were provided for all except the 6.5° diffuser. As indicated in Figure 1
each splitter took the form of o cylindrical plastic shell situated at the
mean dismeter of the air path and located by four spiders. ¥When in position
the splitter projected about 1 in. upstream of the diffuser inlet and both
splitter and spiders extended along the euntire diffuser length. Air was
supplied to the inlet from a 30 H.P. fan via a:length of stroight ducting
coutaining an orifice plate which provided for measurement of mass flow.

. The inlet velocity profile wns varied by introducing gouzes at a
convenient flange about 8 in. upstream of the diffuser throat. Static
pressure tappings were located at the inlet in both the inner and outer walls
and also in the outer wall immedintely after the Junction between diffuser
and outlet section. All pressures were taken to be the mean of four tappings
spaced equally round the annulus. An L-shaped radially traversing pitot
was positioned in the plane of the inlet statics and wos used in determining
total head distributions at entry to the diffusers.. All the components
of the rig were rmde of wood and the surfaces adjacent to the air flow had
a smooth polished finish.

3.0 Description of tests

Six gouze arrangements were used to give various distributions of
totol hend.at inlet to the diffusers and both plain and split diffusers were
tested with ench arrangement. The first tests werc performed with a single
wide-meshed gauze extending across the entire flow path. This gauze gave
o uniform inlet total head distribution and alss acted as a support for
other gouzes which in subsequent arrangements extended only portially across
the annulus. For each test, recdings of mss flow, temperature and static
pressure were taken and the inlet total head distribution was traversed in -
steps of 1/10 in. with the pitot tube.
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4.0 'Diffuser efficiency

It has been shown (Ref. 2) that from the fundamental energy stand-
point the efficiency of a diffuser can be expressed in the form

(p2 = ;) W 41
oy [%puaA-AjifpuaA

"o =

where p, = outlet statioc pressure
P = inlet static pressure
Ei = mean inlet velocity
Ay = inlet ares
A2 = outlet area

and where the absolute fluid velocities at entry and exit are assumed to
be axial.

By further assumptions of uniform velocity at entry and exit, it
can be shown that for incompressible flow the above expression can be
simplified %o

- P2~ Py
Ty 2
'}Pulz (1- A12/A2 )

Although the assumptions regarding velocity are seldom, if ever,
satisfied in the practical case, this latter value for efficiency is in -
general use and provides a reasonable basis for application of test results
to diffuser design. The absolute value 7, is not favoured for the reason
that the aim of any diffuser is the couversion of kinetic energy to pressure
and thus any kinetic energy over and above the minimum required for uniform
flow at outlet should be regerded as an energy loss. All values for
efficiency quoted in this paper are therefore based on equation 2.

5.0 Test results

5.1 Accuraoy‘ of results

For the plain diffuser tests errors in observation should represent
less than % 1.00% of effiociency, but for the split diffusers the method of
oaloulation employed reduces the accuracy of the results and possible errors.
may amount to + 1.

As all tests were carried out with an inlet lach number of 0.15 the
assumption of inoompressible flow introduces negligible error.

The Reynolds number of the tests based on the value Rg = g.Yl
(0.De = I.D.) was 2.5 x 105 compored with design conditions ina typ g
engine at altitude which give Reynolds numbers of between 4 and 5 x 1
entry to diffusing sections.
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Despite this discrepency in Reynolds number the conclusions regard-
ing variation of efficiency with inlet profile based on the test results
should form a guide to estimnting diffuser performance under the oconditions
obtaining in proctice.

5+2- Tests on plain diffusers

In the first group of tests the four diffusers were tested for the
three inlet velocity profiles showm in Figure.2. These profilcs had values
of Vy mx/N of 1.0, 1.15 and 1.30, this peak velocity occurring at approxi-
mteiy mean dlameter. The results, shown in Figure 2, indicate a decrease
of m with increase of diffuser angle 9, avd a further drop in m with increase
in'Vpay/ V. Included in Pigure 2 are test results taken from Reference 1
for a uniform profile. It con be seen that at the higher angles there is
considerable discrepancy between the efficiencies obtained with this profile
and with profile (1). This may be attributable to the difference in boundary
layer thickness, as at high values of 6 the thicker boundary layer will
more readily separate under the action of the adverse pressure gradient.

In the second group of tests the peak velocity of the inlet distri-~
bution was located at three radial positions, namely OeDe, }MeDe and IeD.
Velocity profiles are shown in Figure 3 together with curves of n v 6.

For Vyny 0% OeD. the efficiency curve is similar to that obtoined with a
uniform profile but with the efficiencies lowered by between li and 2%.
When the peak velocity occurs at M.D. the efficiency curve becomes much
steeper, giving the high value of 88% for 6 of 6.5° but only 61s when 6
increases to 15°. The fimal profile, number (6), brings Vpayx towards the
inner wall and gives low effiiciencies at all values of 6, with a minimum
value of 42% when & equals 15°,

Some standnrd of comparison can be obtained by consideration of the
theoreticanl value for a sudden expansion which'is given in Reference 2 as

2 ' . . s s
= . For the arca rotio tested this gives an efficiency of
L ww-vy /v rereney

47.7% and although this figure is theoretical it gives some indic~tion of
the adverse effect of profile (6)on diffuser efficiency.

5¢3 Tests on split diffusers

The three diffusers for which splitters were available were teated
in the same manner as the plain diffusers, but the estimaticn of efficiency
was complicated by differences in the static pressures occurring at the
inner and outer walls of the diffuser throats. These static pressure
differences varied with total heagd distribution, e.g., profile (1) and the
8.5° diffuser gave (pi - po)/%pvl = 0.20 whereas profile (2) with the

same value of @ gave = 0.23. For any one profile, changes in 6 also
produced changes in stotic pressure, for example when g was increased from
845° %o 15° the static essuge difference corresponding to profile (1)
decreased from (pi -~ po)/ZPV7" = 0.20 to 0.08.

The distribution of total head at inlet was however not affected
by changes in 6. In the plain diffuser tests, where the wall static
pressures were uniform, the mass flow calculated by integrating the
velocity distribution at the throat gove good agreement with that measured
at the orifice plate and -thereby indicnted reasomnble uniformity in the
cirounferéntial distribution of total heade For the split diffuser tests
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a. similar check, based on the assumption of a linear static pressure gradient
across the throat gave differences in mess flow of up to 8% and so rendered
the assumption regarding static pressure distribution invalid. In view of
the unknown nature of the static pressure distribution across the throat a
mean value of static pressure was estimated for each test by a process of
trial and error using the orifice plate measurement of mss flow and the
measured distribution of total head. ‘

This static pressure and its accomponying velocity profile are thoge
which would exist if static pressure were uniform, total head distribution
identical with the measured distribution, and mass flow identical with the
value measured by the orifice plate. Such conditions mizht be expected to
obtain at some point sufficiently far upstream of the throat for the static
pressure to be uninfluenced by the radinl flows which are evidently occur-
ring in the vicinity of the diffuser splitter.

Velocity profiles and diffuser efficiencies based on this 'equivalent!
throat static pressure are shown in Pigures 4 and 5. The results of a
uniform profile. test from Reference 1 are included in Finure 4 and appear to
indicate much higher efficiencies than were obtained with profile (1). The
efficichoies of Reference 1 were, however, based on totnl hend traverses and
the measurement of the outer wall static alone, and reccleculation of the
results for profile (1) on the same basis gave comparable efficiencies. The
results based on 'equivalent' throat static pressure are believed to be
more realistic, and comparison of Figures 4 and 2 gshows that for a uniform
inlet velocity profile a mean dinmeter splitter reduced efficiency at all
values of 8 up to 15°. This contradicts the conclusion made  in Reference 1
that splitters improve efficiency at values of 6 greater than 10°. The
further conclusions in Reference 1 regarding the stabilising effect of split-
tera for values of § greater than 10° is not affected.

Comparing the curve of 'nominal' efficiency for profile (1) with the
results from Reference 1, profile (1) with its comparatively thin boundary
layer appears to give slightly improved efficiency at 6 = 15°, but the effect
is less morked than for the plain diffuser tests.

54  Discussion of results
In the preceding poragraphs the results for particular profiles have

been described. These results have been scrutinised in various ways in an

attempt to deduce the particular features of the profiles which dominate
diffuser performance.

() Plain diffusers

It has been shown (Ref. 2) that a fully developed turbulent inlet
profile gives less efficient diffusion than a completely uniform inlet
profile. This reduction in efficiency can be attributed to the lower air
velocities which are found near the wanlls in the case of the fully developed
profile, this slowly moving air bein more. susceptible to breakawny under
the action of the adverse pressure gradient than the higher velocity air
of the uniform inlet profile. In analysing the six test profiles on this
basis, the local wall velocity VW was measured at o distance of 0.05 in.
from the wall, this velocity being measured at the wall giving the lowest
value, i.e. the wall at which breskawny is most likely to occur. Curves
of n v Vw/V are shomn in Pigure 6 and show that test profiles (1), (2) and
(4) form a group of high Wr's while profiles (3), (5) and (6) have low Vw's,
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Clearly within each of these groups somc further ch racteristic of the
inlet profiles is having a pronounced effect on diffusion efficiency.

A second criterion of inlet profile was selected, namely the degree
of symmetry of flow about the mean diameter expressed as Vl/ V where Vi
represents the mean velocity in the inmer half of the annulus and V is the
overall mean velocity at the diffuser inlet. Curves of m v Vi/Vare shown
in Pigure 74, the full lines referring to the high Vw profiles, and the
dotted lines comnecting points of low V. Therefore the vertical displace=~
ment between the full and dotted lines for any value of 6 gives a measure
of the effect of Vw/V on efficiency. It is clear that for 6 = 6.5°
diffuser efficicncy is sdely dependent on Vi/V but as § increases the
effect of Vw/ V becomes more evident until when 6 = 15°, a reductlon in
vw/V from 0.98 to 0.78 lowers the efficiency by about 4

(b) . Split diffusers

A similar amlysis hns been made of the split diffuser tests and
curves of n v Vi/V V are shown in Figurc 7B. Cleg.rly the effect of local
wall velocity Vw/V is greatly reduced in comparison with the plain diffusers.

Optimum-efficiencies are all reduced due to the additiomal-friction loss
introduced by the splitter, but efficicncy is much less sensitive to
symmetry of profile with the result thot at V3/V= 1.20 the split diffuser
is more efficient than the plain diffuser.

v In considerins these results the geometry of the split diffuser should
s be borne in mind. The overall area ratio is 3.19 but the axial splitter

: provides two diffuser prssages, an inner onc of arsa ratlo 2.67 and an outer
one of area ratio 3.67.

Assuming the same efficiency for each section (true for small values
of g) it can be shown that a velocity profile having Vi/V = 1.022 will
give a uniforn stotic pressure in the diffuser throats. .s 0 increases,
the efficiency of the larper area ratio section will tend to drop relative
to that of the other diffusion passage and the velocity profile for uniform
static pressure in the throots will appronch the value of Vi/V =1.00.

The curves in Figure 7B indicate that the condition of uniform
static pressure correspoms to o timwn efficiency, nund therefore when inlet
conditions are uniform, i.e. V: = 1.00, the most efficient split 4if-
fuser will be one mving equal area :mtlos in each section. For vnlues of
6 greater than 15° such a design should give an efficiency comparable to
that of o plain diffuser and should cope efficiently with a much wider
range of inlet velocity profiles.

6.0 Conclusions

Plain diffusers

1. 4 smll angle diffuser (0 = 6.5°) is capable of 80%
efficiency or more over a wide rangc of inlet velocity distributions, the
actual value of efficiency being dependent upon the degree of syumetry of

. the flow at inlet,

2. As the diffuser anzle is inoreased, the efficiency becomes
more sensitive to inlet conditions, beiny reduced by cither non-symmetry
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of flow or by the presence of a low velocity region near one of the walls.

Split diffusers

The introduction of a splitter, while improving stability
(Ref. 1). reduces efficiency with uniform inlet velooity profiles for all
diffuser angles less than 15°.

4. Splitting of the 10° and 15° diffusers improves efficiency
for non-uniform profiles, but imposes pronounced static pressure gradients
across the throat. In the application in which a split annular diffuser
follows an axial compressor such pressure gradients might prove undesirable.

5 For the application in which the inlet distribution, although
non-uniform, is likely to remnin constant, a high angle split diffuser with
individual area ratios designed to give a uniform static pressure distribution
across the throat should give better efficiency than 2 longer (i.e., smller
angle) plain diffuser.
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Notation

Aq = inlet area
Ao = outlet area
n = mean inlet static pressure
P> = mean outlet static pressure
P; = " inlet static pressure at I.D.
Po = inlet static pressure at 0.D.
Vmax = mximum velocity ot inlet
\71 = meon velocity at iunlet
v, = velocity at inlet 0.05 in. from wall
'v'i = mean vel;:city over inner half of annulus

0 = diffuser angle

n = diffuser efficiency

Re = Reynolds number
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